Abstract Land use changes represent one of the most important components of global environmental change and have a strong influence on carbon cycling. As a consequence of changes in economy during the last century, areas of marginal agriculture have been abandoned leading to secondary successions.
Introduction
In recent decades, knowledge of the role of soils as source or sink for carbon (C) on a global scale has become vital for assessing changes in CO 2 atmospheric concentrations. Among the organic C reservoirs in terrestrial ecosystems, soil organic C has potential to sequester the largest amount of C for the longest time period. Some authors estimated that soils contain approximately twice as much C as the atmosphere or terrestrial vegetation. Schimel (1995) , Watson et al. (2000) and Dixon et al. (1994) estimated that forest ecosystems contain approximately half of the total terrestrial C pool, with two-thirds of this stock residing in forest soils. Organic carbon (OC) accumulation in soils reflects the balance of C inputs as organic matter (returns of plant/root residues) and C losses from the soil (as carbon dioxide, dissolved OC and loss through erosion) (Lal 2004) . At steady state, each soil has a theoretical equilibrium C content depending on the nature of vegetation, precipitation and temperature (Paul et al. 2002; Gifford 2002, Dawson and Smith 2007) . This equilibrium between inflows and outflows can be disturbed by land use change until a new equilibrium is reached in the new ecosystem. Thus, after the land use change, soil can act as a source or a sink of C according to the ratio between inflows and outflows.
In the Northern midlatitudes, one of the most important land use change of the last century has been the abandonment of agricultural areas, such as meadows, pastures and croplands. In Europe, 12.9% of the 'Arable Land and Permanent Crops' have been abandoned between 1961 and 2001, corresponding to ca. 195,000 km 2 (FAO Database 2001) . Within such areas, secondary succession dynamics may cause within few decades a complete change in vegetation composition and structure (Ellenberg 1982; Debussche et al. 1996; Mather 1992; Piussi 2000; Knops and Tilman 2000; La Mantia et al. 2008; Rühl and Pasta 2008; Rühl et al. 2006; Kuemmerle et al. 2009 ). One general trend of these succession dynamics is a gradual change from herbaceous to woody plant communities, but there is no overall rule for the direction and pace of these changes because there are many factors which influence the course of succession (meso and microclimatic conditions, distance of dispersal centres and the presence of dispersal vectors, active and passive facilitation mechanisms, the intensity and frequency of disturbances such as wildfires and herbivory, intra and infraspecific competition mechanisms, soil characteristics, etc.). Concerning the C-cycle, the change from herbaceous to woody plant communities goes along with an increase in plant biomass (Gingrich et al. 2007 ), but, while an increase in C stored in plant biomass is obvious although difficult to quantify, there is considerable uncertainty about the magnitude and even the direction of changes in soil C stocks after agricultural abandonment. Several studies have reviewed the effect of agricultural abandonment on soil C stocks (Knops and Tilman 2000; Guo and Gifford 2002; Jackson et al. 2002; Paul et al. 2002; Davis et al. 2003; Alberti et al. 2008) , but data are highly variable, with soil C either increasing or decreasing depending generally on the type of land use change. For example, while an increase in soil C after shifting from cropland to secondary forest is generally reported, a decrease from pasture to secondary forest or forest plantation is also reported (Paul et al. 2002; Guo and Gifford 2002; Alberti et al. 2008) . Intriguingly, Jackson et al. (2002) found a negative relationship between precipitation and changes in soil C content when cultivated grasslands are invaded by woody vegetation with drier sites gaining and wetter sites losing soil organic C. They also estimated that in some high-rainfall sites the losses of C could even outweigh the gains in plant carbon. According to some modelling works (Halliday et al. 2003; Kirschbaum et al. 2008) , C losses are likely to occur when there is also a decrease in nitrogen (N) stock. Thus, the correlation between rainfall and trend in soil organic C may be related to N dynamics.
In Italy, agricultural land abandonment rates are higher than the European percentage value: between 1961 and 2001, 29.7% of the ''Arable Land and Permanent Crops'' have been abandoned, corresponding to 46,320 km 2 (FAO database). A part of these areas has undergone colonization by woody species: in fact, according to the Italian National Statistical Bureau (ISTAT), during the period 1950-1990, total forest area has increased by 17.5%. Forest recovery characterizes both the Alps and the Appenines (Piussi 2002; Corona et al. 2005 ) and this woody encroachment into abandoned croplands, meadows and grasslands is generally thought to lead to an increase in the C stored in the whole ecosystem (Guo and Gifford 2002) . Also in the Southern Mediterranean part of Italy, where forest recovery after abandonment needs longer time periods and is often inhibited by disturbances such as wildfires and pasture, a significant increase in total soil C was measured after crop abandonment (La Mantia et al. 2007; Costa G e La Mantia 2005) . However, even if agricultural land abandonment is a widespread phenomenon in Italy, detailed studies on C sequestration in soils after abandonment are lacking and few data are available to confirm or to reject the previously mentioned dynamics. These shortcomings may now be overcome since from 2008 to 2010 data on C sequestration in soils after land abandonment have been collected by the project CarboItaly, funded by Italian Ministry of Environment. In the present manuscript, we present some of the results of the project, analysing data from two of the national study sites [(1) the Pre-Alps in Northern Italy, and (2) Sicily in Southern Italy] with the aim to improve the national carbon accounting.
In the present paper, we address the following questions: does agricultural land abandonment lead to a reduction or an increase in organic carbon in soil in the two studied Italian sites? What environmental factors determine such changes? Does the amount of rainfall play a role as it has been suggested by some previous studies?
Materials and methods

Site description
Five study areas in the Pre-Alps and seven study areas in Sicily were chosen. The main environmental characteristics of each site are listed in Table 1 .
Obviously, due to the differences in environmental factors such as mean annual rainfall, geological substrate and bioclimate, secondary succession dynamics of vegetation communities were not homogeneous for all the sites. Apart from this 'macro'-heterogeneity due to zonal environmental factors, succession dynamics between the sites differ also due to local factors, such as the distance of dispersal sources, the presence of dispersal vectors and disturbance factors. There was, however, one homogeneous factor within the study areas: in the Alps, preabandonment plots were always managed meadows and post-abandonment plots were always secondary forests, while in Sicily pre-abandonment plots were always croplands, and post-abandonment plots were always secondary shrublands. This choice was necessary because in the Alps meadow abandonment is the most common abandonment type, while in Sicily, this type is almost absent, as almost all agricultural abandonment occurs on croplands.
For each paired site, two 530 m 2 plots were selected according to the criteria reported by Conteh (1999) and Davis et al. (2004) . For the selection, paired plots were required to have similar soils, slope, aspect and elevation, but contrasting land use. In the Pre-Alps, paired plots were (1) a managed meadow characterized by perennial grasses and (2) a secondary forest, represented by meadows abandoned 10-75 years ago. As said previously, all secondary forests considered in the present study have the same species composition and can be classified as ash and maple mixed stands. Stand age was estimated according to the methodology proposed by Alberti et al. (2009) based on historical maps, aerial photographs, site visits and wood cores. All Pre-Alps sites were characterized by an oro-or supra-mediterranean bioclimatic thermotype (sensu RivasMartínez 2008) .
In Sicily, paired plots were (1) a cultivated cropland characterized by annual vegetation and (2) shrubland or open maquis, represented by old fields abandoned 10-40 years ago. In shrublands, the most common species were Spartium junceum L. and Pyrus pyraster (L.) Du Roi, while most common species in open maquis were Pistacia lentiscus L., Quercus pubescens Will. and Quercus ilex L. Abandonment age was estimated by analysing historical aerial photographs. All Sicily sites were characterized by a thermo-or mesomediterranean bioclimatic thermotype. For both Pre-Alps (Alberti et al. 2008) and Sicily (Drago et al. 2002) , mean annual rainfall and temperature values were acquired from Regional GIS Maps or directly from close by weather stations where present.
Soil sampling
Soil sampling was conducted in 2008 in the Pre-Alps and in 2010 in Sicily. Sampling area within each land use was chosen very carefully to minimize the effects of spatial variability and to represent the land use investigated. After removing the litter, mineral soil samples were collected at depths of 0-10 cm, and 10-30 cm, using a 340 and a 680 cm 3 cylinder, respectively. At each site, three soil samples were collected along a transect at approximately 10 m intervals. The samples were gently broken to pass a 2-mm sieve and air dried, ground to a fine powder, treated with HCl 2:1 to remove carbonates and then analysed for organic C and N using a CHN-Elemental Analyser.
The soil organic C content was estimated in percentage terms and converted to tons per hectare using bulk density and soil depth. Bulk density of fine (\2 mm) fraction of mineral soil was measured using the volume of the collected sample and the weight of sieved dry soil in the sample (Blake and Hartge 1986) .
Statistical analysis
The scope of the paired experiment design was to compare effects of meadow/cropland to woody community transformation without initial differences in soil properties. For every paired site, we computed the soil organic C and N content change from pre-to post-abandonment as:
where C post = soil organic C content in the post-abandonment plots and C pre = soil organic C content in the preabandonment plots; N post = soil organic N content in the post-abandonment plots and N pre = soil organic N content in the pre-abandonment plots.
Proportional changes in soil organic C and N with woody plant invasion were then analysed on their trends in function of: (1) mean annual rainfall, (2) study area (PreAlps and Sicily). Data on pasture to forest plantation land use from the review of Guo and Gifford (2002) were also considered. In order to analyse if different levels of mean annual rainfall influence soil carbon storage, a one-way ANOVA was used to compare three levels of rainfall (\750 mm vs. 750-900 mm vs. [900 mm) with respect to the standardized ratio of total soil carbon in abandoned sites : total soil carbon in cultivated sites. One-way ANOVA was computed in combination with Holm-Sidak's method of pairwise multiple comparison (overall level of significance P \ 0.05). Statistical tests were computed with Sigma Stat 3.0. Table 2 and Fig. 1 . In the Pre-Alps sites, organic soil C content in cultivated meadows ranges from 80 to 116 t ha -1 , while their abandonment leads to a decrease in C content (post-abandonment sites: 48-104 t ha -1 ). After abandonment, most sites lost between one-third and one-half of their pre-abandonment C content. On the contrary, abandonment of cropland in the Sicilian sites leads to an increase in C content (pre-abandonment sites range from 31 to 98 t ha -1 , post-abandonment sites range from 30 to 102 t ha -1 ). After abandonment, most sites gained 20-40% of their pre-abandonment C content. Table 2 Soil organic carbon contents, soil carbon and nitrogen changes (DC% and DN%, respectively) for each study site and mean values for three rainfall groups (in brackets standard deviation) (C pre mean organic carbon content in soil in the pre-abandonment site; C post means idem in the post-abandonment site) In the site of Zafferana Etnea, we recorded a decrease in C content from pre-to post-abandonment. This site is the one with the highest rainfall value recorded in Sicily (1,100 mm).
Results
Soil carbon contents and DC% values are reported in
Independently of the previous land use, DC% is negative for all sites with mean annual rainfall above 900 mm, while it is positive for all sites with mean annual rainfall below 900 mm (see also Fig. 1 ). In addition, there is a noteworthy difference between DC% values of the sites with rainfall ranges from 750 to 900 mm and the sites with rainfall ranges below 750 mm. One-way ANOVA showed that there are significant differences (P \ 0.001) between the three treatment groups. Pairwise comparison showed significant differences (P \ 0.001) for all pairwise comparisons. Thus, we can affirm that the DC% varies along a rainfall gradient. Also, linear regression analyses showed that there is a correlation between mean annual rainfall and DC% (linear regression computed on all sites and Guo and Gifford data: r 2 = 0.70; P \ 0.001; n = 17) (Fig. 2a) . Particularly, the lowest values of DC% depend on highest rainfall values (linear regression computed on Pre-Alps and Guo and Gifford sites: r 2 = 0.96; P \ 0.001; n = 10). On the contrary, high DC% were determined by low rainfall values (linear regression computed on Sicilian sites: r 2 = 0.70; P \ 0.05; n = 7). A similar trend in DN% was also detected for soil organic N (linear regression computed on all sites considered in the present study: r 2 = 0.67; P \ 0.001; n = 13; Fig. 2b) , with increasing rainfall, higher amounts of N were lost. These changes in N seems to drive changes in soil organic C (r 2 = 0.81; P \ 0.001; n = 13; Fig. 3 ): under low rainfall, system retained C because losses of N were compensated by a slight increase in soil C/N ratio, but with increasing rainfall, soil C was lost due to a loss of system nitrogen stocks which were not sufficiently compensated by an increase in C/N ratio (data not shown). Hence, the rainfall-driven effect on N dynamics determined changes in soil C across the rainfall gradient that mirrored the pattern shown in Fig. 2a .
Discussion
Regarding the Pre-Alps sites, the average soil C loss in the secondary forests (-30%) is in accordance within the range reported by Guo and Gifford (2002) for forest plantations and with other studies (Paul et al. 2002; , in a coniferous secondary succession (Pinus strobus L.), and similar results are reported by Thuille et al. (2000) in a chronosequence of Norway spruce (Picea abies K.) stand regenerating on abandoned meadows in the Southern Alps. These differences can be explained by the high precipitations (Paul et al. 2002; Jackson et al. 2002) , the vegetation type (mixed broadleaf forest), the previous land use (Piussi 2000) and the long time lags for changes in litter inputs. Concerning the last point, organic matter in the abandoned grassland continued its decomposition while young trees did not begin to contribute to soil organic C pools through the production of litter and woody products. For example, Alberti et al. (2008) reported that 75 years may be a too short period to observe an increase in soil C after colonization even though litter is still accumulating in the 75-year-old stand. Also, Jackson et al. (2002) reported a strong link between soil C stock change and rainfall: the higher the annual precipitation, the higher the C loss from soil after conversion. Moreover, regenerating forests produce litter that is more resistant to decomposition compared to the residues produced by previous agricultural crops, and tree roots are less important as a source of organic matter than grass roots because a large fraction of tree roots survive intact for many years. This could also explain the reduction in soil C content with secondary succession.
In Sicily, we found the highest soil carbon accumulation after abandonment in the driest sites.
It can be speculated that the differences in soil organic carbon dynamics are dominated by the different land use conversions (cropland to forest versus meadow to forest); however, Fig. 2a shows that within the land use conversion type, the relationship with rainfall is rather evident, indicating that it plays a fundamental role in determining gain or losses of carbon.
Furthermore, it is noteworthy that in our data set there seem to be two threshold values for soil carbon accumulation: the first one is 900 mm of mean annual rainfall, which separates the negative from the positive ratio values; the second one is 750 mm, which divides the positive values in two groups of sites. Most interestingly, this threshold of 750 mm corresponds exactly to a bioclimatic threshold: our sites with\750 mm mean annual rainfall are classified as thermo-mediterranean sites, while the ones [750 mm are classified as mesomediterranean sites (Drago et al. 2002) . Since bioclimatic thermotype sensu RivasMartínez (1944 RivasMartínez ( , 2008 ) is calculated using mean annual temperature, mean of the maximum temperatures of the coldest month and mean of the minimum temperatures of the coldest month, but not rainfall values, apart from rainfall, also temperature could, thus, play a role as an environmental factor influencing soil carbon accumulation after abandonment.
The present study also showed a change in soil N stock after land use change. It is noteworthy that other studies (e.g. Halliday et al. 2003; Kirschbaum et al. 2008 ) have reported that changes in soil C can be understood only considering the N budget. In fact, according to Rastetter et al. (1992) , changes in C storage in N-limited ecosystem are mainly governed by changes in three biogeochemical cycles: (1) changes in total N stocks, (2) changes in C/N ratios in key pools and (3) redistribution of N among pools with different C/N ratio. The strong increase in N loss rates with increasing rainfall found in the present study could be mainly due to the drainage from the system according to previous studies (Parfitt et al. 1997 (Parfitt et al. , 2003 Scott et al. 1999; Randall and Ila 2001) . Moreover, some modelling studies (Halliday et al. 2003; Kirschbaum et al. 2008 ) reported that C losses may occur only if there is a substantial decrease in soil N stock and that the rate of change in both C and N stocks is related to annual rainfall. The N stock increase in our Mediterranean sites can be explained by a progressive inhibition of nitrification under semiarid conditions (Carreira et al. 1994 ) and has been previously reported in literature (Robertson and Vitousek 1981; Bonet 2004 ).
Conclusions
The question whether wood encroaching can represent a sink or source of carbon is still an intriguing question that shows multiple facets according to a number of driving factors. Although we are still not able to provide a fully detailed analysis of the process, the results presented in this paper highlighted the importance of rainfall regime in determining gain or losses in soil organic carbon.
The results reported in the present work indicate that the changes in soil organic C during secondary succession in abandoned grasslands or croplands can be explained by differences in rainfall regimes. The present study underlines the fact that reductions in soil C after woody encroachment are possible in systems characterized by high rain levels where significant N losses can occur. Thus, losses of C are generally restricted to environment that receive large amount of rain and are dominated by drainage such as those in Eastern Alps. Further researches are needed to better understand the role of N in carbon depletion during secondary successions in wet environments, and data are still lacking for central Italy where the succession processes may have been occurred following different patterns (Piussi 2002) .
